The study of thymic-dependent pathways of T cell reconstitution in T cell replete haematopoietic cell transplant (HCT) recipients in previous studies was complicated by the transfer of naı¨ve CD4 + CD45RA + T cells with the stem cell graft. However, direct quantification of thymic output has been enabled by measurement of T cell receptor excision circles (TREC). We analysed T cell reconstitution using T cell phenotyping and TREC quantification in 12 T cell-replete HCT recipients 6-53 years of age during the first 12 months post transplant. We have identified a novel subpopulation of CD4 + CD45RA þ T cells in the peripheral blood of these HCT recipients with expansions of this subset being more pronounced in older recipients. The transplantation of allogeneic haematopoietic stem cells provides a potentially curative treatment for a variety of immunodeficiency and metabolic disorders, aplastic anaemia and haematopoietic malignancies. The recovery of the T cell compartment and particularly of CD4 þ T cells after haematopoietic cell transplant (HCT) is delayed by comparison to the rest of the haematological lineages.
Summary:
The study of thymic-dependent pathways of T cell reconstitution in T cell replete haematopoietic cell transplant (HCT) recipients in previous studies was complicated by the transfer of naı¨ve CD4 + CD45RA + T cells with the stem cell graft. However, direct quantification of thymic output has been enabled by measurement of T cell receptor excision circles (TREC). We analysed T cell reconstitution using T cell phenotyping and TREC quantification in 12 T cell-replete HCT recipients 6-53 years of age during the first 12 months post transplant. We have identified a novel subpopulation of CD4 + CD45RA þ T cells in the peripheral blood of these HCT recipients with expansions of this subset being more pronounced in older recipients. The recovery of classical naı¨ve CD4 + CD45RA + T cells was dependent on thymic output whereas this novel CD4 + CD45RA
þ subpopulation arose independently of thymic output and displayed effector function and phenotype. These results suggest that CD4 + CD45RA + effector populations exist, similar to the CD8 + CD45RA + effector subset, and that the CD45RA antigen should not be used alone to define naı¨ve CD4
þ T cells when monitoring T cell reconstitution in T cell replete HCT recipients. Furthermore, these results raise important questions regarding the role of the thymus in regulating T cell homeostasis in older HCT recipients and normal individuals. Bone Marrow Transplantation (2003) 32, 609-616. doi:10.1038/sj.bmt.1704185 Keywords: Naı¨ve T cell; thymus; TREC; haematopoiesis The transplantation of allogeneic haematopoietic stem cells provides a potentially curative treatment for a variety of immunodeficiency and metabolic disorders, aplastic anaemia and haematopoietic malignancies. The recovery of the T cell compartment and particularly of CD4 þ T cells after haematopoietic cell transplant (HCT) is delayed by comparison to the rest of the haematological lineages. [1] [2] [3] [4] There are two pathways of T cell regeneration after HCT, one of which is reliant on the expansion of mature T cells transferred with the stem cell graft and is termed the thymic-independent pathway. The second pathway generates a diverse T cell pool and is reliant on maturation of T cell precursors in the thymus and is therefore termed the thymic-dependent pathway. However, it is only in recent years that the importance of the thymus in maintaining the T cell compartment throughout life and restoring T cell numbers after HCT has been appreciated. [5] [6] [7] [8] [9] [10] A number of studies have suggested a role for thymicdependent reconstitution through the analysis of CD4 +
CD45RA
þ T cells following highly T cell-depleted stem cell transplants, demonstrating that the appearance of CD4 + CD45RA
þ T cells correlates with diversification of the T cell repertoire. 11, 12 These observations, along with earlier characterisations of CD45RA + and CD45RO + T cells, [13] [14] [15] [16] have led to the assumption that the CD45RA antigen alone represents a reliable marker for the identification of naı¨ve CD4 + T cells, although not necessarily for the identification of recent thymic emigrants. 17 Equally, it has been accepted that CD45RA does not represent a reliable marker for the identification of naı¨ve CD8 + T cells, with populations of CD8 + CD45RA + effector cells having been identified. 18, 19 Additional studies of T cell reconstitution have demonstrated that thymus size (as measured by radiographic imaging of the thymus) increases following chemotherapy and HCT, and that increases in thymus size are inversely related to age and correlate with recovery of CD4 + CD45RA + T cells. 20, 21 These studies conclude that thymic output in older individuals may be insufficient to fully restore a normal, diverse T cell compartment.
The analysis of thymic-dependent T cell recovery, particularly in T cell-replete transplants, has been complicated by two main factors: first, by the transfer of significant numbers of phenotypically naı¨ve T cells with the stem cell graft and, second, by the recognition that a more complex phenotypic definition of naı¨ve T cells, particularly of naı¨ve CD8 + T cells, was required. 22 A further recent advance in the measurement of thymicdependent T cell reconstitution has been the enumeration of episomal circles of DNA excised during T cell receptor rearrangement. 5, 23 Such T cell receptor excision circles, or TRECs, do not replicate with division of the T cells and thus act as a marker for T cells that have recently rearranged their receptors and emigrated from the thymus.
We used the TREC assay in combination with the phenotypic analysis of T cell subsets to study T cell reconstitution in 12 patients who received a T cell-replete HCT. We 
CD27
À cells. The possibility that these cells evolved in response to chronic activation driven by GVHD and/or post HCT infections and that the expansion of this non-naı¨ve CD4 + CD45RA + subset may be inhibited by the thymus or by thymus-derived signals is discussed herein.
Patients, materials and methods

Blood samples
Post transplant blood samples were collected from patients at 3, 6, 9 and 12 months post HCT. Informed consent was obtained from all patients or their parents and the study was approved by the Royal Free Hampstead NHS Trust Ethical Practices Subcommittee. PBMCs were separated from whole blood samples by density gradient centrifugation using Lymphoprep (Nycomed Pharma AS, Norway). Following this, samples were either used fresh or stored in liquid nitrogen until further use.
Flow cytometric analysis of T cell subsets
Naı¨ve and non-naı¨ve CD45RA + T cells in patient blood samples were detected using the following antibodies: CD4 and CD8 PerCP, CD27 PE (Becton Dickinson, UK); CD45RA-PE and CD45RO-FITC (Serotec, UK). Immunofluorescence staining was carried out after cells were washed twice in ice-cold staining buffer (0.2% sodium azide, 2% FCS, 1X PBS). Cells were incubated for 20 min at 41C with the previously mentioned antibodies, then washed three times with staining buffer. After the third wash, cells were resuspended in fixing buffer (3% formaldehyde, 0.2% sodium azide, 2% FCS, 1X PBS) then acquired using a FACScan and Cellquest software (Becton Dickinson). Naı¨ve, memory and effector cells were defined according to phenotypic and functional analyses performed previously. 25 Quantification of TREC in sorted CD4 and CD8 T cells TREC frequencies were determined using real-time quantitative PCR using the 5 0 nuclease assay and an ABI7700 sequence detection system (Applied Biosystems, USA) as described previously. 8 Sorted CD4 and CD8 cells were lysed in 100 mg/ml proteinase K (Boehringer Mannheim, Germany) for at least 1 h at 561C, followed by 951C for 15 min. Real-time quantitative PCR was carried out on 5 ml of cell lysate (50 000 cells) using the primers CACATCCCT TTCAACCATGCT and GCCAGCTGCAGGGTTTAGG and probe FAM-5 0 -ACACCTCTGGTTTTTGTAAAGGT GCCCACT-3 0 -TAMRA (Amersham-Pharmacia, UK). Each PCR reaction contained 0.5 U Platinum Taq polymerase (Gibco, UK), 3.5 mmol/l MgCl 2 , 0.15 mmol/l dNTPs, 500 nmol/l each primer, 150 nmol/l probe and BD636 background reference dye (Megabases, USA). Thermal cycling conditions were 951C for 5 min, then 951C for 30 s, 601C for 1 min, for 40 cycles. A standard curve was generated using predetermined standards of known concentration, and the ABI7700 software calculated TREC frequency. TREC frequency is expressed as TREC per 1 Â 10 5 T cells.
Intracellular staining of IFNg and TNFa
IFNg and TNFa production was analysed upon stimulation with 50 mg/ml PMA and 1 mg/ml ionomycin (371C, 6 h, with 3 mm monensin; Calbiochem Corporation, La Jolla, CA, USA) and cell permeabilisation (Cytofix/Cytoperm Kit; BD Pharmingen, UK) by intracellular staining with specific monoclonal antibodies and their isotype controls (BD Pharmingen, UK). For multicolour acquisition, compensation of fluorescence was set up with single and double fluorochrome-stained cells. Data were acquired on a FACSCalibur and analysed using CellQuest software (Becton Dickinson).
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Statistical analyses
All statistical analyses were carried out by Spearman's rank correlation coefficients using Prism software (Graphpad Software, USA).
Results
Patients
The patients enrolled in this study received either bone marrow or peripheral blood cell transplants as treatment for a variety of haematological malignancies (detailed in Table 1 ). All 12 patients received T cell-replete transplants from HLA-identical sibling donors. We have previously carried out a more detailed analysis of the factors affecting reconstitution in these and other patients. 28 For the purpose of the results presented here, neither T cell dose nor source of T cells (ie bone marrow or peripheral blood) had a significant effect on T cell reconstitution in our patient group.
CD45RA is not a reliable marker for definition of naïve CD4
+ or CD8 + T cells
Previous studies analysing the recovery of naı¨ve T cells after HCT have largely relied on the use of the CD45RA antigen to define naı¨ve CD4 + T cells. We looked at populations of T cells in these patients at 3, 6, 9 and 12 months post transplant using CD45RA and CD45RO to define naı¨ve and memory T cells ( Figure 1 ). On the basis of staining CD4 and CD8 T cells with CD45RA and CD45RO, it appears that there are a substantial number of CD45RA + RO lo/À T cells present at 3 months post transplant in both the CD4 and the CD8 compartment (data not shown for CD8 + T cells). However, when we used CD27 in combination with CD45RA or CD45RO to 
27
À T cells at all time points post transplant and consistently high numbers and percentages of non-naı¨ve T cells in comparison to patients 1-7. Given the observation of low numbers and percentages of naı¨ve CD4 + CD45RO À CD27 À in patients 8-12, we asked whether differences in the pattern of reconstitution between the two patient groups reflected an underlying difference in the rate of production of new T cells via the thymus.
Direct measurement of thymic output in T cell-replete HCT recipients
Based on our immunophenotyping, we defined two groups of patients, one group that restores a high percentage of Figure 2a demonstrates TREC levels in patients 1-7, Figure 2b demonstrates TREC levels in patients 8-12. TREC could be detected as early as 90 days post transplant in patients 1, 2, 3, 4 and 6. In addition, thymic output in patients 1-7 was high such that all but one patient restored TREC levels within the normal range by 12 months post transplant. By contrast, thymic output in patients 8-12 did not reach age-matched control levels and was either low or undetectable at all time points after HCT. These observations confirm previous results showing that age alone has an adverse effect on the contribution of the thymus to T cell reconstitution after HCT. 
CD45RO
À subset of CD8 T cells. 19, 26 To address this question, we set out to determine the effector status of the CD27 Absolute cell counts represent the number of naı¨ve or non-naı¨ve CD4 + T cells per ml of whole blood. These values were calculated for each patient at 3, 6, 9 and 12 months post transplant. N/A: samples were not available from patients at these time points. 18 We analysed fresh ex vivo PBMC from three of our adult HCT recipients for CCR7 expression in the four subsets of T cells we have identified by CD4, CD27 and CD45RO staining, as illustrated in Figure 3a . 
À subset, the expression of effector cytokines, specifically IFN-g and TNF-a, was assessed in all four of the defined CD4 T cell subsets by intracellular staining after a short period of in vitro stimulation (Figure 3b ). This short stimulation period was necessary since prolonged in vitro stimulation resulted in the apoptosis and disappearance of the CD27 
À subset of T cells appears to be an effector population, and thus a parallel in the CD4 population of the CD45RA effector population that has previously been described for CD8 T cells.
Discussion
The results of this study demonstrate that (i) subsets of non-naı¨ve CD4 + CD45RA + T cells were identified in recipients of T cell-replete haematopoietic stem cell transplant; (ii) future studies of naı¨ve T cell recovery after HCT should not use CD45RA alone for the identification of naı¨ve CD4 + or CD8 À T cells; (iii) thymic output is essential for the recovery of naı¨ve CD4 + CD45RA + T cells, but not for the development and maintenance of non-naı¨ve CD4 + CD45RA
þ T cells. The results presented here confirm that increasing age has an adverse effect on thymic output and is therefore a confounding factor for the restoration of naı¨ve T cell numbers after HCT. Furthermore, our study raises important questions regarding the role of the thymus in regulating the repopulation of the peripheral T cell pool under conditions of lymphopenia. Note that although the grafts are not T cell depleted, the numbers of lymphocytes transferred into the patients (detailed in Table 1) are not sufficient to avoid a moderate lymphopenia.
It is well documented that T cells, upon transfer to a lymphopenic environment, proliferate to fill available space and that this process is dependent on TCR/MHC interactions, cytokines and other soluble factors. [29] [30] [31] We observed that populations of non-naı¨ve CD4 + CD45RA
þ T cells developed in individuals post HCT and at first considered that these cells arose from a homeostatic drive resulting from the relative lymphopenia in these individuals. However, this explanation is inconsistent with the observation that expansions of the non-naı¨ve CD4 + CD45RA þ cells are seen predominantly in the older patient cohort, in whom the levels of T cell depletion and subsequent lymphopenia are similar to the younger patient cohort. In fact, four of the seven younger patients received infusions of Campath-1H prior to transplantation and would therefore be predicted to be more lymphopenic than the older patients. Instead, the unusual subset of CD4 T cells developed to a greater extent in older patients.
The critical factor correlating with the appearance of these T cells was low or undetectable thymic output. Whether this is genuinely reduced thymic output due to age-related thymic involution or reduced thymic output as an artefact of TREC dilution caused by peripheral expansion is yet to be determined. It is possible that the inverse relationship observed between thymic output and non-naı¨ve CD4 + CD45RA þ T cell numbers is the result of a dialogue between the thymus and the peripheral T cell repertoire such that thymus-derived signals (or recent thymic emigrants) inhibit the development and maintenance of this previously unidentified CD4 þ T cell subset in patients after HCT. Consistent with this suggested thymic/ peripheral dialogue, we have observed in these patients and in T cell depleted HCT recipients that expansions of memory and effector T cells were inhibited in patients who experienced large increases in TREC levels (unpublished data). Furthermore, previous studies analysed T cell recovery in lymphopenic hosts and demonstrated that thymic-dependent pathways were used preferentially to peripheral expansion pathways in thymus-bearing mice and that peripheral expansion was inhibited by the presence of recent thymic emigrants. 32 The mechanism of this dialogue remains unclear but may be related to the availability of soluble factors such as IL-7. 33 Together, these observations suggest that mechanisms exist to ensure that thymicdependent pathways are utilised to regenerate a diverse T cell compartment whenever possible, but that peripheral expansion mechanisms restore T cell numbers in the absence of thymic output. Whether negative feedback signals are generated by active thymi to inhibit peripheral expansion mechanisms remains unknown.
An alternative explanation for the appearance of this unusual subset and its inverse correlation with TREC levels relates to post transplant complications such as GVHD and infections which could drive chronic immune activation with subsequent dilution of TREC molecules. 34, 35 In this hypothesis, CD4 þ thymic emigrants would be recruited to the inflammatory response, TREC would be diluted below 
27
À cells would be more restricted in their TCR repertoire than their RO + 
À counterparts. The clinical relevance of these results are two-fold. The first point is of a practical nature in that the classical definition of naı¨ve CD4 + T cells as CD45RA + is insufficient. For the routine post transplant monitoring of naı¨ve T cell recovery in haematological labs, CD27 and/or TRECs should be used as additional markers of naı¨ve T cell reconstitution. Thus, in the future, as therapies are developed to increase the speed and efficiency of post transplant T cell reconstitution, an easy, reliable screening strategy for naı¨ve T cells will be of considerable importance. The second point raised by our results is that older patients, in whom thymic output is low or undetectable, have an increased frequency of CD4 
CD27
À cells. Should this process continue, it might be predicted that ''holes'' in the T cell repertoire would appear with increasing time post transplant and that patients might become susceptible to opportunistic infections. Further studies on the development of this subset and its correlation with patient wellbeing are necessary to answer this question. Nevertheless, the results presented here further highlight the need for strategies aimed at reactivating the thymus in older haematopoietic cell transplant patients.
In conclusion, this study has identified a non-naı¨ve subset of CD4 + CD45RA + T cells in HCT recipients, which was particularly pronounced in older patients who had little contribution from the thymus to reconstitution of their T cell pool. These results suggest three possible (but not mutually exclusive) scenarios: (1) that these cells evolved in response to normal signals generated from an ageing environment that is dependent on homeostatic proliferation for maintenance and proliferation of T cell subsets; (2) that these cells were driven to terminal differentiation by post HCT complications; (3) that the thymus plays a role in regulating peripheral expansion under conditions of lymphopenia and during the normal ageing process.
